This paper summarizes the relation between the molecular structure and the dispersion-adsorption mechanisms of 3 types of comb-type superplasticizers used in Japan. The action mechanisms of comb-type superplasticizers and the compatibility of cements and superplasticizers are influenced by the molecular structure of polymers such as copolymer components and the grafted chain length of poly (ethylene-oxide) (PEO). Many reports regarding concrete research have investigated the influence of comb-type superplasticizers on the fluidity of concrete and the production of selfcompacting concrete. However, many have not considered the effect of the molecular structures of comb-type superplasticizers. This paper should be useful for engineers and researches studying the action of comb-type superplasticizers in the production of concrete with comb-type superplasticizers, and for understanding any new properties of such concrete.
Introduction
Chemical admixtures are widely used for concrete in Japan. JIS A 6204 covers Air Entraining (AE), AE water reducing, and AE high range water reducing agents. Compared to AE water reducing agents, AE high range water reducing agents have a high water reducing ratio, just a small change from slumping with time, and lesser set retarding properties. In recent years, comb-type polymers with PEO grafted pendant groups for AE high range water reducing agent (comb-type s u p e r p l a s t i c i z e r s ) h a v e a t t r a c t e d g r o w i n g a t t e n t i o n . When added to concrete, these polymers, referred to as superplasticizers, improve flowability, i.e. its fluidity. In addition, comb-type superplasticizers maintain the fluidity of concrete much longer than normally observed with the naphthalene (BNS) and melamine sulfonates (MS) type polymers, and without excessive retardation. In Japan, a worsening situation regarding aggregate resources has tended to increase the water demand of c o n c r e t e , a n d t h e d e v e l o p m e n t s o f c o m b -t y p e superplasticizers are indispensable for securing the durability of concrete. Comb-type super-plasticizers are also especially useful for producing self-compacting concrete and high strength concrete mixtures along with improving concrete durability (Japan Society Civil Engineering, 1998) . Recently, several researchers have reported compatibility problems between certain cements and comb-type superplasticizers, which can adversely affect concrete workability. For example, the fluidity of concrete with one type of superplasticizer can decrease if the sulfate ion concentration is high (Ohta and Uomoto, 1998; Kato and Yoshioka, 1998) . In order to determine how comb-type superplasticizers control the fluidity of such concrete mixtures, there is a need to clarify their adsorption and dispersion mechanisms, especially in the presence or absence of certain ions found in the liquid phase of fresh concrete. Further, many types of polymers having different molecular structures, which influences the properties, are used as comb-type superplasticizers. Therefore, it is important to clarify the molecular structures of polymers and the action mechanisms of comb-type superplasticizers. This paper introduces comp-type polymers used in Japan as superplasticizers (AE high range water reducing agents) and using representative polymers summarizes the relation between the molecular structure of comb-type polymers, their properties, and the dispersion-adsorption mechanism of comb-type superplasticizers.
Main components of comb-type superplasticizers
The molecular structures forming the principal components of comb-type superplasticizer are classified into 5 categories as shown in Table 1 . Groups I-IV mostly comprise polymers containing grafted PEO chains; groups II and I show their representative structures, group III has sulfonates groups, and group IV has long grafted chains. Group V in the Table are bridge polymers that are used in combination with group I as superplasticizers. All polymers have carboxylic groups in the main chain and comb-type superplasticizers are Sakai, K. Yamada and A. Ohta / Journal of Advanced Concrete Technology Vol. 1, No. 1, 16-25, 2003 17 adsorbed on to cement particles (Tanaka and Ohta, 1992; Sakai and Daimon, 1995) . Carboxylic groups of comb-type superplasticizers are coupled with Ca 2+ ions on the surface of cement particles or hydrated products.
In previous reports, the dispersion mechanism for inorganic particles treated with comb-type superplasticizer has been discussed in terms of interparticle potential calculations (Sakai and Daimon, 1996) . With regard to the dispersion mechanism of comb-type superplasticizers, the authors have already reported that it is difficult to explain particle repulsion using the DLVO theory, which is based on electrostatic forces, but it can be explained using the steric hindrance effect. This observation is based on the finding that particles to which comb-type superplasticizers have adsorbed do not exhibit a large negative charge . It is accepted that BNS and MS used as superplasticizers stick to cement particles to give negative electric charges to cement particles, with the result that the cement particles are dispersed due to electrostatic repulsion. DLVO theory explains the phenomenon as follows; when the zeta-potential of cement particle adsorbed MS or BNS reaches over about -20mV, a barrier appears in the interparticle potential curves. However, the zeta-potential of cement particle adsorbed combtype polymers shows -0.3 to -5 mV. Based on the interparticle potential calculated from the adsorption model of comb-type superplasticizers, the authors have also reported that dispersibility of inorganic particles is improved as a function of graft chain length (Yoshioka, etc., 1977) . Repulsion force is determined by the a m o u n t a n d t h i c k n e s s o f a d s o r b e d c o m b -t y p e superplasticizers on the interparticle potential ; but in different types of polymer it may differ from the model and calculated results, and thus it is necessary to determine it in each of the polymers.
Acrylic acid type polycarboxylate based superplasticizers

Molecular structures
These polymers belong to group I in Table 1 . It is known that acrylic acid polycarboxylate-based superplasticizers (APC) possesses a number of ether bonds (-C-O-C) in their side chains. In the liquid phase, the oxygen atoms of the ether bonds in the dispersing system and water molecules form strong hydrogen bonds, producing a large hydrophilic steric protection barrier that greatly contributes to dispersing stability. These effects were clarified by determining, the relationship between the dispersibility and molecular weight of the base (trunk) polymer of APC in a previous investigation (Tanaka and Ohta, 1992) . The maximum value of dispersion in the relationship between dispersibility and the molecular weight of APC-based trunk polymer appeared to be in the average molecular weight range of 5,000 to 10,000. When a APC-based trunk polymer with an average molecular weight of 5,000 (exhibiting maxi- mum dispersion) was grafted with a polyethylene glycol mono-alkyl ether graft side chain having a different molecular weight (Fig. 1 ) , maximum dispersibility was observed when the number of ethylene oxide molecules in the graft was about 12 (average molecules number). Dispersibility was considered to have improved due to both electrostatic repulsion effects and the steric repulsion effects of the side chains. This phenomena can be explained as trunk polymers are easily stretched due to the proper distribution of the anion parts of the trunk polymer; 1) carboxylic-groups of the anion part are bonded to Ca 2+ on the cement particles; and 2) the oxygen atoms of the many ether bonds of the side chains and the water molecules in the liquid phase form hydro- gen bonds that spread the side chains out into the water. The steric effect theory presumes that dispersibility increases as the side chain branches lengthen. The balance of the polymer structure can be adjusted by reducing the length of the trunk polymer and making the length of the graft chains longer (A-2, A-3, A-4), than usual (A-1) as shown in Table 2 . It is thought that when comb-type polymers with long side chains (acrylic acid type polycarboxylate polymer: PA) are adsorbed onto the cement particles, the steric protection layer thickens, increasing the dispersion force. Reducing the length of the trunk polymer and lengthening the side chains increase the dispersibility of the A-2 polymer. Table 3 shows the structural factors of PA in relation to dispersibility and dispersibility retention. In cases of low dispersibility and short dispersibility retention, trunk polymers are long, graft polymers are short, and the relative number of grafts is large. In the event of high dispersibility, trunk polymers are short, graft polymers are long, and the relative number of grafts is small. In cases of long dispersibility retention, trunk polymers are even shorter, graft polymers are long, and the relative number of grafts is large. Dispersibility and its retention immediately after mixing of PA type superplasticizers can be controlled by varying the balance of the lengths of trunk polymers and the lengths of the side chains or their quantitative ratio (Ohta and Uomoto, 1997) .
Structural factors causing high dispersibility and long retention
Size of acrylic type polycarboxylate-based superplasticizer
The size of the A-3 polymer was calculated based on its chemical structure and molecular weight. The length of C-C-C in the main chain was assumed to be 0.251nm, the maximum stretched length of 3 carbon atoms according to the literature (Tadokoro, 1976) . The length of an ethylene glycol side chain, again according to the literature (Tadokoro, 1976) , is 1.95nm for a 7-unit chain elongated in a stable condition. The length of the trunk polymer when stretched to its maximum length was calculated to be 20 nm, with a side chain length of 7 nm, as shown in Fig. 2 (a) (a=25, n+m =70 in Fig. 1 ) (Ohta and Uomoto, 2000) . If polymer A-2 is sufficiently stretched in water, the trunk polymer can freely rotate and the side chains extend in 3 dimensions. This rotation means that the effective length covered by the side chains is 14 nm, twice the original length ( Fig. 2 (b) ). However, when PA is adsorbed on to the particle surface of the binding material, most side chains reach out towards the water. The size of the dispersant at that time is presumed to be as shown in Fig. 2 
(c).
The volume occupied by the molecule when it freely moves is equivalent to a column 7 nm in thickness and 20 nm in length. The thermodynamic effective volume of the column is as large as the volume of a cylinder with diameter of 20 nm and a height of 7 nm ( Fig. 2 (d) ) (Ohta and Uomoto 2000) . Due to the size of the molecule stretched to its full length, based on the molecular weight of the PA, it is considered that one molecule of polymer occupies the volume of a cylinder 20 nm in diameter and 7 nm high, excluding other molecules. Therefore, in a state of saturated adsorption the density of adsorption is believed to be one molecule of dispersing polymer molecule per 400 nm 2 of binding material surface ( Fig. 2 (d) ).
Adsorption of acrylic type polycarboxylatebased superplasticizer
The adsorption amounts of polymers A-1, A-2 and A-3 tended to increase as the dosage increased. However, the adsorption amounts of A-4 did not increase so much when the dosage increased. Further, with the balanced (equilibrium) concentration of the A series, A-2 was greater than A-1. The adsorption amount of BNS (Ohta, etc., 1997) . The dosage of the dispersant was fixed to 0.15% of the mass of the binding material. Table 4 shows the amount adsorbed to binding materials in terms of per unit weight and per unit surface area (Ohta and Uomoto 2000) . Surface area was measured by the BET method. Calculated adsorbed numbers of A-3 per unit are given in Table 4 . The numbers of molecules of dispersant adsorbed per unit area varied with the type of binding material. The number of A-3 molecules adsorbed on every 100 nm 2 surface area of original ordinary portland cement (OPC) was the highest at 2.2 to 3.2, the next was original ground blast furnace slag (BF) at 1.2 to 1.9, and the lowest original limestone powder (LS) at 0.8 to 1.2. However, the number of adsorbed PA per unit surface area relates to reactivity just after water contact. It is reported that the surface area of OPC increases by 2 to 2.5 times just after water contact (Uchikawa, etc., 1964) . When this fact is considered, 1 to 1.5 molecules of A-3 would be adsorbed per 100 nm 2 (Sugiyama and Ohta, 2001) . Binding particles produce fractal surface structures. It was presumed that the adsorption form of PA cannot follow the fraction of the surface structure, so the adsorbed number of PA per unit surface area decreases compared with the number calculated at 3.1, at the maximum molecular extension (1 molecule per 400 nm 2 = 0.25 molecule per 100 nm 2 ). Experimental values indicated that 0.8 to 3.2 molecules of PA were adsorbed per 100 nm 2 , a figure higher than expected. The cause of the higher level of PA molecules adsorbed to the surface of the binding material is considered to be due to multilayer adsorption or shrinkage of PA molecules. However, the relationship between the dosage and amounts adsorbed (Ohta, etc.,1997) , which have been adduced, does not indicate multi-layer adsorption because the adsorbed amount increases after adsorption is saturated, therefore multi-layer adsorption is not considered to have occurred. It was previously reported (Ohta, etc., 1997) , that the results of the measurement of the root mean square radius of the molecular by a light scattering method indicated that the PA polymer shrinks to 70 or 50% as the sulfate ion concentration increases (Ohta, etc., 1997; Ohta, etc., 1998; Sugiyama and Ohta, 2001) . It follows that A-3 with a main chain that has shrunk to 70% or 50% of the maximum extended length adsorbs to the surface of the binding materials ( Fig. 2 (a) ). This also suggests that polymer molecules overlap even in the range of stable entropy (Fig. 2 (b) ). Since it is also presumed that PA is adsorbed even to BF and LS, which elute only a small amount of sulfate ions, factors other than sulfate ions need to be studied. Table 1 . One type of polycarboxylate superplasticizer, a multic o m p o n e n t c o p o l y m e r i n c l u d i n g w -m e t h o x ypolyoxyethylene graft chain (MCPC), has been developed by Kinoshita et al. (1995) . The chemical structure of MCPC is shown in Fig. 3 . MCPC is composed of four main components, methacrylate, w -methoxypolyoxyethylene methacrylate ester, metharylsulfonate and methylacrylate. In this chapter, the interaction mechanism between MCPC and cement is discussed.
Interaction with cement
It has been pointed out that slight fluctuations of cement c h a r a c t e r i s t i c s a f f e c t t h e p e r f o r m a n c e o f superplasticizers (Aïtcin, etc., 1994; Hanehara and Yamada, 1999) . To clarify which characteristics of cement affect the performance of superplasticizers, several kinds of cement were used to reproduce compatibility phenomena. The relationships between MCPC dosage and the relative flow area of a cement paste, which was selected as an index of the performance of MCPC, are shown in Fig. 4 . The water cement ratio was 0.30. There are different linear relationships in different cements. Two parameters are proposed to analyze these complex behaviors (Yamada, etc., 2000) . One is the critical dosage that is the minimum dosage to increase flow, and the other is the dispersing ability that is an increment of the relative flow area by the addition of unit amounts of MCPC beyond a critical dosage. The regression analysis between these parameters and various cement characteristics reveals that right after mixing critical dosage shows a positive correlation with hydration heat, and that in the solution phase of the paste, dispersing ability shows a negative correlation with sulfate ion concentration. When cement has high reactivity, the performance of MCPC decreases according to the increase in critical dosage. High hydration reactivity corresponds to cases of high fineness and high calcium aluminate content. Further, slight weathering of cement decreases hydration reactivity and critical dosage.
As for the fluctuation of sulfate ion concentration, alkali sulfate and different kinds of calcium sulfate have important roles in the various characteristics of cement. An increase in the alkali sulfate content causes an increase in sulfate ion concentration. The kind of calcium sulfate influences the supply speed of sulfate ion in the solution phase. Hemihydrate supplies sulfate ion quicker than di-hydrate, i.e. gypsum. A higher sulfate ion concentration, by a decrease in the dispersing ability, further degrades the performance of MCPC. It is necessary to consider these two factors when incompatibility phenomena are analyzed.
Sulfate ion concentration and adsorption equilibrium
The working mechanism for the effects of sulfate ion on dispersing ability is investigated from two aspects. One is the steric size of MCPC and the other is the adsorption behavior of MCPC. The fundamental dispersing mechanism of comb-type superplasticizers is the steric hindrance effect caused by polyether graft chains. Therefore, steric size was evaluated in different composition solutions using light scattering (Yamada, etc., 2001) . The steric size of polyether chains was almost free from the solution chemistry, although that of trunk chains shrunk in the higher ionic conditions.
The adsorption amount of MCPC was evaluated by measuring the concentration changes of organic carbon content in the solution phase. Repeatedly adding Na 2 SO 4 and CaCl 2 modified sulfate ion concentration; Na 2 SO 4 increased it and CaCl 2 decreased it. With repeated additions, the paste flow repeatedly decreased and increased as shown in Fig. 5 (Yamada, etc., 2001 ). The adsorption amount of MCPC showed a clear negative relationship with sulfate ion concentration as shown in Fig. 6 . This behavior indicated the competitive adsorption equilibrium of MCPC with sulfate ions. With the changes of adsorption amount of MCPC, the paste flow changed proportionally. However, the flow did not recover perfectly through the repeated addition of salts. Based on these experimental data, the following mechanisms can be proposed. Sulfate ions degrade the performance of MCPC mainly by reducing the adsorption amount in the solid phase. Ionic strength also degrades the performance of MCPC by shrinking the steric size of MCPC. The shrinkage of MCPC seems to be attributed to the shrinkage of the trunk chain. 
Changes in fluidity with elapsed time
Several mechanisms have been proposed to explain the dispersing effect of superplasticizers. Superplasticizers are thought to act as a dispersant mainly after adsorption in solid phases. This assumption is supported by the experimental results described above. Adsorbed comb-type superplasticizers reduce the attractive force of van der Waals forces by their steric hindrance effect, as explained in earlier sections. Therefore, the adsorption amount per surface area of the solid phase (Ad/SSA) is thought to be important. The relationship between Ad/SSA and paste flow is shown in Fig. 7 (Yamada, etc., 1999) . In this experiment, the paste was made of OPC and MCPC with a water cement ratio of 0.35. The flow was measured in several temperature conditions from right after mixing to an age of 2 h. Because of the positive relationship, Ad/SSA mainly determined the performance of MCPC.
Fluidity changes with elapsed time can be discussed based on this assumption. The effect of hydration reactivity is expected to have a close relationship with the surface area of hydrates. With the progress of hydration, the surface area of cement particles increases and this causes the decease in Ad/SSA. This is one possible explanation of the loss of fluidity of cement paste. Besides, sulfate ion concentration simultaneously decreases with elapsed time, and this affects the adsorption equilibrium of comb-type superplasticizers so that more molecules can be adsorbed in the solid phase. In actual cement pastes, these two changes occur simultaneously. The balance of these two effects determines the change of Ad/SSA. When a significant amount of comb-type superplasticizers remains in the solution phase and many can be adsorbed in the solid phase with the decrease in the sulfate ion concentration, Ad/SSA could be kept either constant or increase, and this results in fluidity retention or gain, respectively. From this assumption, an important factor of comb-type superplasticizers can be derived. To realize good combtype superplasticizers performance for fluidity retention, a suitable amount of comb-type superplasticizers must remain in the solution phase, and this can be realized by controlling the adsorption behavior of combtype superplasticizers.
Suitable chemical structure having resistance to fluctuations in sulfate ion concentration
From the discussion in the previous section, it becomes clear that the adsorbing behavior of comb-type superplasticizers affected by sulfate ion concentration is very important for the performance. Therefore, the relationship between the chemical structure of MCPC and the effect of sulfate ions on the performance of MCPC is discussed in this section.
T h e f u n d a m e n t a l c o m p o n e n t s o f c o m b -t y p e superplasticizers are carboxylic groups as adsorbing sites, and polyether graft chains for the steric hindrance effect. Therefore, the effects of the carboxylic ratio in a trunk chain, the length of trunk chain and the length of graft chain have been investigated (Yamada, etc., 2001) . The effect of sulfate ions was evaluated by the change of flow resulting from the addition of given amounts of Na 2 SO 4 to the mixing water. The flow of cement paste with various kinds of MCPC was adjusted to obtain a The spread of paste(F) was measured by using a pipe of f-50 mm, H51mm. Decreases in the relative flow area from the value of 15 caused by the addition of Na 2 SO 4 were compared as an index of the effect of sulfate ions on the performance of MCPC. Among the parameters examined, the ratio of carboxylic group in the trunk chain (COOH ratio) was found to be the most important factor. As shown in Fig. 8 , when more carboxylic group was included in the trunk chain, the performance of MCPC was less affected by the increase in the sulfate ion concentration. As explained above, for the purpose of fluidity retention, it is necess a r y to r e t a i n c e r ta i n a m o u nt s o f c om b -t y p e superplasticizers, and a comb-type superplasticizers with less adsorbing ability is suitable. Because of these controversial requirements of tolerance for the fluctuation of sulfate ion concentration and fluidity retention, the balance of several components with different adsorbing abilities should be considered for actual concrete mixes.
a a a
a-allyl-w w w w-methoxypolyethylene-maleic anhydrite copolymers based superplasticizer 5.1 Molecular structure These polymers belong to group II. Fig. 9 shows a typica l mo le c u l a r st ru c t u re o f AMM A ( a -al l y l -wmethoxypolyethylene-maleic anhydrite copolymers) with graft chains of PEO, where the PEO has the following degrees (n) of polymerization: 10, 34, 70 and 80 [The expression P-xx refers to the degree of having graft chains of PEO, (P-xx)]. A small amount of styrene is incorporated within the backbone of the polymer. Some polymers contain a large amount of styrene or allyl sulfonates in AMMA. In these polymers, the replacement ratio of styrene to methoxypolyethylene was 0.17 molar ratio (T-17) and the replacement ratios of allyl sulfonates to methoxypolyethylene were molar ratios of 0.44 and 0.50 (S-44, S-50).
Effect of grafted chain length
For the amount of adsorbed AMMA with different lengths of grafted chains, the extent of adsorption was found to increase incrementally with polymer dosage and reach saturation at about the same dosage regardless of graft chain length (Kawakami, etc., 2000) . Limestone powder, which has a Hamaker constant characteristic of inorganic particles, was selected as a model powder for this study because of its increasing importance as a mineral admixture in new concrete technologies such as self-compacting concrete. The saturated concentration of adsorbed polymer displayed a tendency to decrease with increasing graft chain length. Compared with P-70, the saturated amount of adsorbed P-80 was significantly decreased. This may have resulted from a change in the conformation of the comb polymers having relatively long grafted chain lengths, and will be the subject of a future study.
The relationship of the viscosity of limestone suspensions, treated with AMMA having different grafted chain lengths, is shown in Fig. 10 . The apparent viscosity of the suspension was found to significantly decrease with increasing polymer dosages. Furthermore the apparent viscosity decreases as P-XX decreases. The viscosity of suspensions gradually increased when the polymer dosage exceeded the concentration where the adsorbed amounts reached saturation. Investigation of the causes associated with this phenomenon using the concepts of depression effect or cross-linking is highly warranted. The minimum value of apparent viscosity of the suspensions increased as a function of longer graft chain length.
We calculated the interparticle potential curves associated with steric hindrance and van der Waals forces, which were based on previously reported calculations (Kawakami, etc., 1998) . It has been observed that to achieve a stable dispersion adsorption of comb-type superplasticizers, increased grafted chain lengths are necessary. The result of this calculation indicates that an i n c r e a s e d g r a f t e d c h a i n s h o u l d i m p r o v e t h e dispersibility of fine particles, which is contrary to the results of the above-mentioned viscosity measurements. The reason for this discrepancy may be explained as follows. In the flow model for concentrated suspensions, although the superplasticizer disperses particles, indi- vidual particles may not have been completely separated from each other but may have formed loosely associated clusters. The flow model assumes the presence of both free and retained water within the concentrated suspension (Sakai, etc., 1997) , and water retention associated with the particle clusters is believed to have a significant effect on the fluidity of the concentrated suspension. The calculation of interparticle potential was made without any consideration of retention water in the clusters. The supernatant liquid was considered to be clusters of flocculated powder in suspension and was defined as free water, and free water corresponded to the difference between the total water content and the amounts of retained water in the cluster not contributing to the fluidity of the suspension. The amount of free water tended to decrease with polymers having a longer graft chain. An increased apparent viscosity of the suspension, produced by polymers having longer graft chain lengths, might have been due to the longer interparticle distances in the clusters. In addition, the influence of hydration should be considered in cement and concrete. Effects of t h e h y d r a t i o n o f a l i t e a t a n e a r l y s t a g e o f t h e interparticle potential was calculated on the assumption that the thickness of adsorbed of polymer lessens with hydration. The interparticle potential using low PEO polymerization was influenced by the hydration of alite. The longer the graft chain, the lesser the influence of alite hydration. This suggests that the interval between graft chains needs coextending for long graft chains, and that there exist an optimum length of the graft chain and an optimum interval between graft chains in these polymers.
Influence of inorganic electrolytes on dispersion mechanisms
As a result of examining the effects of various inorganic electrolytes on the fluidity of CaCO 3 suspensions dosed with AMMA, we have observed that the addition of inorganic electrolytes, containing anions that form relatively insoluble calcium salts such as PO 4 2-, CO 3 2-, Fand SO 4 2-, can significantly decrease the fluidity of CaCO 3 suspensions (Sakai etc. 2001) . The order of the influence of inorganic electrolytes on the fluidity of the suspension coincides with that of the solubility of the calcium salt formed by the anions. In these studies, AMMA used was P-34. One may suspect that Ca 2+ is adsorbed in the solid surface and interferes with polymer adsorption; however, this process has not been verified because of the uncertainty as to whether the surface of the suspended CaCO 3 , exhibits Ca 2+ ions. We have also observed that lowering the Ca 2+ concentration is accompanied by a lower zeta-potential. At about pH10, a decrease in Ca 2+ concentration corresponds to a change of -10mV to +10mV. This change of zetapotential or the reduction of adsorption sites seems to account for the decreased polymer adsorption. Moreover, it has also been found that the effect of various electrolytes differs as a function of the changing structure of comb-type polymer dispersants (Sakai, etc., 2002) . A linear relationship (ln[h ] = K h C+a, h : apparent viscosity of suspension, C: concentration of inorganic salts, K h , a: constant ) holds between the logarithm of the viscosity and the concentration of inorganic salts. As the value of K h increases, the viscosity of the suspension greatly increases when an inorganic salt is added. The shorter the length of the graft chain, the smaller the value of K h . The polymers used in this study may be adsorbed more easily even though adsorption sites are decreased, since the shorter the length of the graft chain, the larger the content of carboxyl groups on the main chain of the comb-type polymer.
As the intervals between graft chains are prolonged, t h e c h a n g i n g c o m p o s i t i o n o f A M M A h a s methoxypolyethylene being replaced to styrene or allyl sulfonates. Fig. 11 shows the relation between the replacement ratios of styrene or allyl sulfonates to methoxypolyethylene and Kh . In these polymers, the replacement ratio of styrene or allyl sulfate to methoxypolyethyle (z/(z+x) ) increases as the value of Kh decreases and so the effect of the inorganic electrolytes is decreased. When the intervals between graft chains are extended, hydrophilicity is decreased to allow the polymer to move easily to the solid surface. The r e p l a c e m e n t o f s t y r e n e o r a l l y l s u l f o n a t e s t o methoxypolyethylene increases the affinity between the polymer and the solid. Thus, the polymer can adsorb even though the adsorption sites are decreased. This may decrease the effect of the inorganic electrolyte.
Influence of very early hydration
It is necessary to control the very early hydration of the aluminate phase to control fluidity. The authors investigated the influence of superplasticizers on the very early hydration of C 3 A with gypsum and free-CaO or calcium sulfate hemihydrate (hemihydrate) by quantitative XRD (Sakai, etc., 2002) . The early hydration of C 3 A was retarded from the high content of SO 4 2-in the gel formed around C 3 A. Adding AMMA in C 3 A-calcium sulfate systems accelerates the early hydration of C 3 A, because the supply of SO 4 2-to the gel is inhibited. It seems possible that a decrease in fluidity occurs because the early hydration of C 3 A is accelerated by the addition of combtype superplasticizers (P-xx), the amount of hydrates at e a rl y h ydra t io n i s i nc re a se d an d t he ad sorbe d superplasticizers are taken into hydrates, or the adsorption of superplasticizers to newly produced hydrates becomes insufficient. The early hydration of C 3 A in the C 3 A-gypsum system is retarded by the replacement of gypsum with hemihydrate or increasing free-CaO contents. It is proposed that the replacement of about 50% of gypsum with hemihydrate or an increase in free-CaO contents would be effective for controlling the early hydration of cement by comb-type superplasticizers.
Conclusions
This paper introduces the molecular structures forming t h e p r i n c i p a l c o m p o n e n ts o f t h e c o m b -ty p e superplasticizers used in Japan. Action mechanisms of 3 types of comb-type superplasticizers, acrylic acid type polyca rboxyl ate ba sed sup erpl astic izers, mult icomponent copolymer including w-methoxypoly (oxyethylen) graft chain based superplasticizers and aal ly l-w -m eth oxypolye thylene-mal eic anhydrite copolymers based superplasticizer, are summarized. The molecular structures of polymers such as the copolymer components and the grafted chain lengths of PEO influenced the dispersibility and long retention of comb-type superplasticizers, and the compatibility of cements and superplasticizers. Especially, the relation between the molecular structure and the shrinkage of comb-type superplasticizers, and the influence of sulfate ions on the fluidity of concrete with comb-type superplasticizers became clear. This paper suggests that for proper consideration of the action of superplasticizers and the fluidity of the concrete with comb-type super-plasticizers, the molecular structure of comb-type super-plasticizers needs to be ascertained.
